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Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant hereditary neuromuscular di-
sorder. The clinical features of FSHD include weakness of the facial and shoulder girdle muscles followed by
wasting of skeletal muscles of the pelvic girdle and lower extremities. Although FSHD myoblasts grown in vitro
can be induced to differentiate into myotubes by serum starvation, the resulting FSHD myotubes have been
shown previously to be morphologically abnormal. Aim. In order to find the cause of morphological anomalies
of FSHD myotubes we compared in vitro myogenic differentiation of normal and FSHD myoblasts at the protein
level. Methods. We induced myogenic differentiation of normal and FSHD myoblasts by serum starvation. We
then compared protein extracts from proliferating myoblasts and differentiated myotubes using SDS-PAGE
followed by mass spectrometry identification of differentially expressed proteins. Results. We demonstrated that
the expression of vimentin was elevated at the protein and mRNA levels in FSHD myotubes as compared to nor-
mal myotubes. Conclusions. We demonstrate for the first time that in contrast to normal myoblasts, FSHD myo-
blasts fail to downregulate vimentin after induction of in vitro myogenic differentiation. We suggest that vi-
mentin could be an easily detectable marker of FSHD myotubes.
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Introduction. FSHD is a dominant neuromuscular di-
sease linked to chromosomal rearrangement within the
subtelomeric region of chromosome 4q (4q35) with a
prevalence of 7 in 100 000 characterized by weakness
and wasting of the facial muscles, the shoulder and pel-
vic girdle muscles and the muscles of lower extremities 
(for review see [1]). The disorder is genetically linked
to a deletion of an integral number of tandemly arrayed
D4Z4 repeat units [2]. The D4Z4 repeats and neigh-
bouring regions of the 4q35 locus are enriched in vari-
ous regulatory elements [3–5]. Transcriptional profi-
ling of muscle biopsies of FSHD patients and in vitro
cultured FSHD myoblasts revealed a defect in myoge-
nic differentiation program [6, 7] and deregulation of
genes related to oxidative stress [8, 9]. Deregulation of
proteins involved in oxidative stress and mitochondrial
metabolism was also demonstrated in muscle biopsies
of FSHD patients by a proteomic approach [6, 8].
It is of note, that transcriptome and proteome profi-
ling of muscle biopsies or crude, non-purified myoblast 
cultures can be biased by the presence of contaminating 
non-muscle cells. This problem is especially pronoun-
ced in case of muscular dystrophies where infiltration
of muscle tissue by inflammatory, fat or connective tis-
sue cells is a well-known phenomenon [10]. However,
up to now proteomic analysis has not been done on pu-
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re FSHD myoblasts sorted using an appropriate surface 
marker e. g. CD56 (NCAM) that is expressed in myo-
blasts but not in adipocytes or fibroblasts.  
Here we report the first proteomics analysis of
CD56+ FSHD myoblasts. We found that in contrast to
myoblasts isolated from normal individuals, FSHD
myoblasts fail to downregulate vimentin after induc-
tion of in vitro myogenic differentiation. The increa-
sed expression of intermediate filament protein vimen-
tin might contribute to abnormal morphology of FSHD
myotubes observed previously [11].
Materials and methods. Cell culture. Primary
CD56+ myoblasts were isolated from normal subjects
and FSHD patients as described [11]. Proliferating myo- 
blasts were cultivated in proliferating medium (DMEM 
# D6546 («Sigma», USA), Glutamine 4 mM, Genta-
mycin 50 µg/ml, 10 % FCS) at 40–50 % confluency. To 
induce myogenic differentiation via serum starvation,
proliferating myoblasts were placed for 3 days in diffe-
rentiation medium (DMEM # D6546 («Sigma»), Glu-
tamine 4 mM, Gentamycin 50 µg/ml, 2 % FCS) at con-
fluency 70–80 %. 
Protein extraction and gel-electrophoresis. Cells
were washed by 1  ´PBS then lyzed directly on plates
using RIPA buffer [12]. Protein extracts were separated 
on 10 % SDS-PAGE (10 µg per lane) which was then
stained by Coomassie Blue.
Mass-spectrometry analysis. A band of interest was
excised from Coomassie stained gel and processed as
described [13]. The peptide mixtures obtained from
tryptic digestion of the band were analyzed with a nano-
HPLC (Agilent Technologies 1200) directly coupled to
an ion-trap mass spectrometer (Bruker 6300 series)
equipped with a nano-electrospray source. The separa-
tion gradient from 3 % to 50 % acetonitrile was applied
for 30 min, the fragmentation voltage was 1.3 V. The pro- 
tein identification was performed with Spectrum Mill
software package. For the confirmation and quantifica-
tion of vimentin-specific peptides with m/z ratios 544.7
(QDVDNASLAR); 635.8 (LGDLYEEEMR); and 662
(EEAENTLQSFR) the ion trap was set in a MRM mode
as described [13]. The analysis of the MRM data was
performed with the DataAnalysis for the 6300 Series Ion 
Trap LC/MS Version 3.4 software package.
qRT-PCR. Cells were lysed directly on plates using
Trizol («Invitrogen», USA) followed by RNA isolation 
according to manufacturer’s protocol. 400 ng of total
RNA was reverse-transcribed using high-capacity cDNA
Archive kit («Applied Biosystems» (AB) # 4322171).
cDNA equivalent to 200 ng of total RNA was mixed
with 2  ´TaqMan Gene Expression master mix (AB #
4369016) and 100 ml of amplification mixture were in-
jected per port into Custom TLDA (TaqMan Low Den-
sity Array, AB). PCR amplification and fluorescence
reads were performed on ABI Prism 7900HT. 
Results and discussion. Total protein extracts pre-
pared from proliferating myoblasts and differentiated
myotubes originating from two healthy subjects and
two FSHD patients were separated on SDS-PAGE. Coo-
massie Blue staining revealed that the band a, but not
the band b used as a control, was less intense in normal
differentiated myotubes compared to proliferating myo-
blasts, but had the same intensity in myoblasts and myo-
tubes from FSHD patients (Figure, A). We then used
mass spectrometry to identify proteins that might con-
stitute the band of interest and found that the most li-
kely candidate is vimentin (42 peptides identified
covering 72 % of amino acid sequence of vimentin).
We then measured the quantity of several vimentin-
specific tryptic peptides and found that they were less
abundant in normal myotubes compared to myoblasts
(Figure, B). However, the amount of vimentin-specific
peptides was not reduced in FSHD myotubes compared 
to myoblasts. We then confirmed this result by measu-
ring the level of vimentin mRNA using qRT-PCR (Fi-
gure, C). We conclude that FSHD myoblasts are unable 
to repress vimentin production during in vitro myoge-
nic differentiation.
Three filamentous networks constitute the cytoske- 
leton in higher eukaryotes: microtubules, actin micro-
filaments and intermediate filaments (for review see
[14]). Intermediate filament protein vimentin is expres- 
sed during muscle development or regeneration but not
in mature myofibers, where desmin becomes the major
intermediate filament protein [15, 16]. 
Normal human myoblasts cultured in vitro express
both vimentin and desmin. Serum starvation-induced
myogenic differentiation leads to vimentin repression
and desmin induction [17]. To rule out the possibility
that the failure of FSHD myoblasts to downregulate
vimentin is simply due to their inability to differentiate, 
we examined the expression of several myogenic mar-
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kers in differentiated FSHD myotubes. We found that
in both normal and FSHD myotubes the expression of
myogenesis-related transcription factors MEF2C and
Myogenin (MYOG) was upregulated, while the gene of 
myogenesis inhibitor Myostatin (MSTN) was repressed
(Figure, D) indicating that serum starvation induces
myogenic differentiation program in FSHD myoblasts. 
The elevated level of vimentin in FSHD myotubes
might be explained by incomplete repression of vimen- 
tin gene promoter in these cells.  The promoter of hu-
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A – Coomassie Blue stained SDS-PAGE was used to analyze total protein extracts from normal and FSHD proliferating myoblasts (Prolif)
and differentiated myotubes (Diff). Vimentin was identified via mass spectrometry as the protein constituting the band of interest (band a);
B – the quantity of 3 vimentin-specific peptides was measured in the band a using mass spectrometry. The quantity of each peptide in lanes
2–8 was normalized to its quantity in the lane 1. The average of three vimentin-specific peptides is shown; C – the level of vimentin mRNA
was measured using qRT-PCR (TaqMan) in 5 normal and FSHD myoblasts and myotubes. Vimentin mRNA level was normalized to
GAPDH mRNA; D – the expression of myogenesis markers MYOG, MEF2C and MSTN was measured using qRT-PCR in 5 normal and
FSHD myoblasts and myotubes. Grey columns – proliferating myoblasts, black–differentiated myotubes. Expression levels were
normalized to GAPDH mRNA. Error bars represent S. E. M., *p – value < 0.05; **p – value < 0.01 (Student’s t-test)
man vimentin gene contains binding sites for NF-kB,
ZBP-89 and other transcription factors [18]. ZBP-89
represses while NF-kB and other factors activate vimen-
tin promoter [19, 20]. Normal and FSHD myotubes ex-
pressed ZBP-89 at similar level (data not shown). The-
refore, vimentin overexpression in FSHD myotubes is
not caused by insufficient expression of its repressor
ZBP-89.
Conversely, vimentin gene overexpression in FSHD 
myotubes might be linked to NF-kB activity. As NF-kB 
activity was shown to be higher in FSHD [21], we spe-
culate that vimentin overexpression in FSHD myotu-
bes might be due to constitutive activation of NF-kB path-
way in FSHD. 
The defect in cytoskeleton organization of FSHD
myotubes was observed previously. In contrast to nor-
mal myotubes that form regular myofiber structure,
FSHD myotubes form either abnormally thin myofi-
bers or chaotically connected myofibers (atrophic or
disorganized phenotype respectively) [11]. Vimentin is 
dispensable for myotube morphology of chicken myo-
blasts in vitro [22], anomalies in skeletal muscles have
not been noted in transgenic mice with disrupted vimen-
tin intermediate filaments [23] and vimentin gene over- 
expressing transgenic mice [24]. 
Therefore, it is unlikely that vimentin gene expres-
sion could cause myotube disorganization in FSHD.
However, vimentin overexpression is an indicator of
damaged and regenerating muscle [16]. Vimentin stai-
ning was suggested as a useful marker for regenerating
fibers in muscle biopsies from patients with neuromus-
cular disorders [25]. We suggest that the overproduction
of vimentin, a very abundant intermediate filament
protein, could be used as a marker of FSHD myotubes in
vitro. 
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Міоб лас ты хво рих на міодис трофію Лан дузі-Де жеріна не 
спро можні реп ре су ва ти ген вімен ти ну за пе ребігу 
м’я зо во го ди фе ренціюван ня
Ре зю ме
Пле чо-ло пат ко во-ли це ва м’я зо ва дис трофія (міодис трофія Лан-
дузі-Де жеріна) є ау то сом ним доміна нтно-успад ко ву ва ним не й ро-
м’я зо вим за хво рю ван ням. До клінічних ознак да но го типу м’я зо вої 
дис трофії на ле жать слабкіть і ат рофія ли це вих м’язів пле чо во -
го по я са, до яких на пізніших стадіях за хво рю ван ня до да ють ся
м’я зи по я са нижніх кінцівок. Нез ва жа ю чи на те, що міоб лас ти,
виділені із хво рих на міодис трофію Лан дузі-Де жеріна, здатні до
ди фе ренціюван ня in vitro, міот руб ки, які ви ник ли з них, ма ють низ-
ку мор фо логічних ано малій. Мета. Мета да ної ро бо ти по ля гає в
по шу ку при чи ни мор фо логічних ано малій міот ру бок пацієнтів з
міодис трофією Лан дузі-Де жеріна. Ме то ди. Із ви ко рис тан ням
рос то во го се ре до ви ща з низ ь ким вмістом си ро ват ки ми інду ку ва -
ли м’я зо ве ди фе ренціюван ня нор маль них міоб ластів і міоб ластів
пацієнтів з міодис трофією Лан дузі-Де жеріна та про а налізу ва ли
білко вий склад міот ру бок, які ви ник ли з них, ме то дом СДС-ПААГ
з на ступ ною іден тифікацією білків ме то дом масс-спек тро мет-
рії. Ре зуль та ти. В пред став леній ро боті впер ше по ка за но, що в
міот руб ках пацієнтів з міодис трофією Лан дузі-Де жеріна підви-
щена експресія гена вімен ти ну. Вис нов ки. Вімен тин мож на за -
сто со ву ва ти як ген – мар кер міот ру бок хво рих на міодис трофію
Лан дузі-Де жеріна. 
Клю чові сло ва: міодис трофія Лан дузі-Де жеріна, вімен тин,
м’я зо ве ди фе ренціюван ня, про те оміка.   
П. В. Дмит ри ев, А. Л. Ба рат, Е. Кошэ, В. В. Огрыз ко, 
Д. Лауж-Ше ни вес, М. Ли пин ский, Е. С. Ва сец кий 
Ми об лас ты боль ных ми о дис тро фи ей Лан ду зи-Де же ри на 
не спо соб ны к реп рес сии гена ви мен ти на в ходе
мы шеч ной диф фе рен ци ров ки
Ре зю ме
Лице-ло па точ но-бед рен ная мы шеч ная дис тро фия (ми о дис тро -
фия Лан ду зи-Де же ри на) яв ля ет ся ау то сом ным до ми нан тно-на -
сле ду е мым не й ро мы шеч ным за бо ле ва ни ем. Кли ни чес кая кар ти на 
дан но го типа мы шеч ной дис тро фии вклю ча ет сла бость и ат ро -
фию ли це вых мышц и мышц пле че во го по я са, к ко то рым на бо лее
по здних ста ди ях за бо ле ва ния до бав ля ют ся мыш цы по я са ни жних 
ко неч нос тей. Нес мот ря на то, что ми об лас ты, вы де лен ные из
боль ных ми о дис тро фи ей Лан ду зи-Де же ри на, спо соб ны к диф фе -
рен ци ров ке in vitro, воз ни ка ю щие из них ми от руб ки име ют ряд
мор фо ло ги чес ких ано ма лий. Цель. Целью дан ной ра бо ты яв ля ет -
ся по иск  при чи ны мор фо ло ги чес ких ано ма лий ми от ру бок па ци ен -
тов с ми о дис тро фи ей Лан ду зи-Де же ри на. Ме то ды. Исполь зуя
рос то вую сре ду с низ ким со дер жа ни ем сы во рот ки, мы ин ду ци ро -
ва ли мы шеч ную диф фе рен ци ров ку нор маль ных ми об лас тов и ми -
об лас тов па ци ен тов с ми о дис тро фи ей Лан ду зи-Де же ри на и про- 
ана ли зи ро ва ли бел ко вый со став воз ник ших из них ми от ру бок ме -
то дом СДС-ПААГ с по сле ду ю щей иден ти фи ка ци ей  бел ков ме то -
дом масс-спек тро мет рии. Ре зуль та ты. В дан ной ра бо те впер-
вые по ка за но, что в ми от руб ках па ци ен тов с ми о дис тро фи ей
Лан ду зи-Де же ри на уве ли че на экс прес сия гена ви мен ти на. Вы во -
ды. Ви мен тин мо жет быть ис поль зо ван в ка чес тве гена – мар ке -
ра ми от ру бок боль ных ми о дис тро фи ей Лан ду зи-Де же ри на.
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Клю че вые сло ва: ми о дис тро фия Лан ду зи-Де же ри на, ви мен -
тин, мы шеч ная  диф фе рен ци ров ка, про те о ми ка. 
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